INTRODUCTION {#sec1-1}
============

Magnetic resonance imaging (MRI) has become clinically important for evaluating spinal cord condition. The spinal cord can be well visualized on T1- and T2-weighted images, as well as other MR sequences. T2-weighted images are considered to reflect damage to the spinal cord, which can be expressed in the form of an intramedullary high signal. \[[@ref1]\] High signal change on T2-weighted images does not fully explain spinal cord condition, and it is still controversial in terms of whether these changes reflect reversible damage. After diffusion tensor image (DTI) techniques were developed, \[[@ref2]\] mean diffusivity (MD) and fractional anisotropy (FA) were highlighted as being useful for assessing spinal cord condition more concisely in the form of an objective index. Our previous study examined 26 patients with cervical spondylosis and 30 normal subjects using 3.0-Tesla DTI techniques and demonstrated that MD and FA were significantly different between spinal levels, and MD increase or FA decrease was detected in most patients. \[[@ref3][@ref4]\] Furthermore, the presence of cervical myelopathy can be determined with high accuracy with DTI parameters, especially with MD z-score analysis at the most compressed spinal level. \[[@ref4]\] This study focused on the clinical significance of DTI parameters to predict postoperative functional recovery in patients with cervical myelopathy.

MATERIALS AND METHODS {#sec1-2}
=====================

Patients {#sec2-1}
--------

Sixteen patients with cervical myelopathy caused by cervical spondylosis, disk herniation or ossification of the posterior longitudinal ligament who underwent surgical intervention in our institute were enrolled in this retrospective study. The patients who showed only radiculopathy, had undergone other surgery of the cervical spine before the present analysis or showed neurological manifestations after trauma were excluded. There were 7 men and 9 women, with a mean age of 62.8 years (range 41--82 years). The surgical method was classified into anterior cervical discectomy and fusion in 10 patients, posterior decompression with or without cervical laminoplasty in 5 patients, and anterior and posterior combined surgery in 1 patient. Although the definition of cervical myelopathy was not straightforward, the clinical diagnosis of cervical myelopathy was defined as significant symptoms with long tract signs. Board-certified neurosurgeons (T.T., K.N., T.Y.) examined all patients before and after surgery and diagnosed the presence of clinical myelopathy. Clinical assessment was done using the Neurosurgical Cervical Spine Scale (NCSS). \[[@ref5]\] The NCSS evaluation was performed before surgery and at least 3 months after surgery. The percentage of the recovery rate (RR) was calculated using the following formula: (Postoperative score − preoperative score)/(14 − preoperative score) × 100.

Magnetic resonance imaging protocol {#sec2-2}
-----------------------------------

All patients in this study underwent whole-body 3.0-Tesla MRI (Achieva; Philips Medical Systems, Best, The Netherlands) using a 16-element phased-array coil before surgery. For anatomical and diagnostic imaging of the spine, T1-weighted (echo time \[TE\]/repetition time \[TR\], 7/600 ms) and T2-weighted (TE/TR, 90/3680 ms) images were acquired in the sagittal and axial planes. Then, DTIs were obtained using a single-shot fast spin-echo-based sequence with the following parameters: TE/TR, 80/6000 ms; number of excitations, 1; field of view, 240 mm^2^; matrix size, 160; voxel size, 1.5 × 1.5 mm^2^ in-plane; slice thickness, 3 mm; gradient directions, 15; and b values, 0 and 1000 s/mm^2^. \[[@ref6][@ref7]\] Thirty DTI slices in the axial plane were obtained from the C2/3 to C7/Th1 spinal levels without interslice gaps, parallel to the inferior line of the C5 vertebral body on the T2-weighted midsagittal plane. DTIs were acquired in a total of 4 min and 54 s.

Analysis and evaluation {#sec2-3}
-----------------------

For the reconstruction of the MD and FA maps from the DTIs, a Philips MRI workstation was used. The mean values of MD and FA at six-disk levels of the cervical spine (C2/3, C3/4, C4/5, C5/6, C6/7, and C7/Th1) were measured. After the appropriate axial slice was selected using the sagittal T2-weighted images for anatomic reference, regions of interest (ROIs) were manually set to enclose the whole spinal cord in the slice. ROIs were drawn carefully to exclude cerebrospinal fluid, which would contribute an unwanted partial volume effect to the DT results. The MD and FA values at the most compressed part were analyzed \[[Figure 1](#F1){ref-type="fig"}\]. Absolute MD and FA values at the most compressed spinal level in patients were transformed into normalized values with a z-score (\[patient\'s value − mean value in normal database\]/standard deviation \[SD\] in normal database), as previously shown.\[[@ref3][@ref4]\] The mean value and SD of normal subjects in our previous study were used in the present study. The MD, z-score of MD (MD-z), FA, and z-score-FA (FA-z) values were used for statistical analysis. The first author was not aware of the clinical status of each patient before analysis and determined the ROI setting at the maximally compressed level.

![The mean diffusivity (a) and fractional anisotropy (b) scores at the most compressed part are measured using manual setting of regions of interest. The appropriate axial slice is selected using the sagittal T2-weighted images for anatomic reference (c)](JCVJS-6-120-g001){#F1}

Statistical analysis {#sec2-4}
--------------------

Statistical analysis was conducted using JMP 9.0 (SAS Institute, Inc., Cary, NC, USA). The Spearman correlation test was used to determine the statistical relationships between the preoperative values of DTI parameters and functional status or recovery estimated using the NCSS. Significant differences were accepted at *P* \< 0.05 in all analyses. The diagnostic validities of MD and FA values were analyzed using receiver operating characteristic (ROC) analysis. The optimal cut-off value for the prediction was determined to be the value with the maximum Youden index.

Statement of ethics {#sec2-5}
-------------------
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RESULTS {#sec1-3}
=======

Clinical correlations between diffusion tensor image parameters and preoperative functional status {#sec2-6}
--------------------------------------------------------------------------------------------------

There was a significant correlation between MD-z and preoperative NCSS scores, whereas there was no significant correlation between FA-z and preoperative NCSS scores \[[Figure 2](#F2){ref-type="fig"}\]. A higher MD-z correlated well with higher NCSS scores, suggesting that MD-z may decrease in accordance with the severity of cervical myelopathy.

![Clinical correlations between diffusion tensor image parameters and preoperative neurosurgical cervical spine scale (NCSS) scores. Higher mean diffusivity-z correlates well with higher NCSS scores (correlation coefficient = 0.62, *P* = 0.01), but the correlation between fractional anisotropy-z and preoperative NCSS scores is not significant (correlation coefficient = 0.11, *P* = 0.68)](JCVJS-6-120-g002){#F2}

Clinical correlations between diffusion tensor image parameters and functional recovery {#sec2-7}
---------------------------------------------------------------------------------------

There was a significant correlation between MD-z and the RR, whereas there was no significant correlation between FA-z and the RR \[[Figure 3](#F3){ref-type="fig"}\]. A higher MD-z correlated well with a higher percent RR, suggesting that a higher MD-z may predict possible functional recovery after surgery in patients with cervical myelopathy.

![Clinical correlations between diffusion tensor image parameters and postoperative functional recovery. Higher mean diffusivity-z correlates well with higher percent recovery rate (RR) (correlation coefficient = 0.59, *P* = 0.015), but the correlation between fractional anisotropy-z and RR is not significant (correlation coefficient = 0.30, *P* = 0.26)](JCVJS-6-120-g003){#F3}

Receiver operating characteristic analyses {#sec2-8}
------------------------------------------

Receiver operating characteristic analyses of MD-z and FA-z are shown in [Figure 4](#F4){ref-type="fig"}. Both MD-z and FA-z have clinical validity for predicting the efficacy of the surgical intervention. The areas under the curves of MD-z and FA-z were 0.91 and 0.78, respectively. MD-z was considered to be the most appropriate value to predict the efficacy of surgery. The optimal cut-off value of MD-z was 3.2, with a sensitivity of 91%, and specificity of 100%. The predictive probability of a positive test was 100% (10 of 10), and the predictive probability of a negative test was 83% (5 of 6).

![Receiver operating characteristic curves of mean diffusivity (MD) and fractional anisotropy (FA). The areas under the curves of MD-z and FA-z are 0.91 and 0.78, respectively. The optimal cut-off value of MD-z is 3.2, with a sensitivity of 91%, and specificity of 100%. The predictive probability of a positive test is 100% (10 of 10), and the predictive probability of a negative test is 83% (5 of 6)](JCVJS-6-120-g004){#F4}

DISCUSSION {#sec1-4}
==========

Assessment of spinal cord condition in cervical myelopathy using magnetic resonance imaging {#sec2-9}
-------------------------------------------------------------------------------------------

Although spinal cord compression is well visualized on MRI, its correlation with clinical symptoms is still controversial. As the DTI technique has developed, movement of water molecules can be well measured by DTI parameters, such as MD and FA values. MD represents the degree of diffusional motion of water molecules and FA represents the direction of diffusivity. \[[@ref2]\] These values have been found to have the capability to analyze the spinal cord condition in greater detail than conventional MRI. Recently, several clinical studies focusing on MD or FA values in patients with cervical myelopathy have been reported. It has been suggested that acute spinal cord compression may result in a focal decrease in MD, as well as a focal increase in FA. \[[@ref6][@ref7][@ref8]\] Ford and Hackney assumed that spinal cord axons are infinite cylinders and suggested that compressed axon fibers result in a decrease in transverse MD, \[[@ref9][@ref10]\] which may lead to a slight increase in FA. On the other hand, clinical studies have clearly documented that progressive and chronic compression of the spinal cord results in increased MD and decreased FA. \[[@ref4][@ref8][@ref11][@ref12][@ref13][@ref14][@ref15][@ref16]\] Kerkovský *et al*. demonstrated that significant differences in DTI parameters measured at the maximal compression level of the cervical spine were found between patients with spondylotic spinal cord compression and healthy volunteers. \[[@ref12]\] These changes are likely to be the result of chronic ischemic damage to the spinal cord, which causes histopathological changes such as gliosis, edema, necrosis, and cavitation. \[[@ref17][@ref18][@ref19][@ref20]\] Actually, an animal model of chronic compression demonstrated increased MD and decreased FA 9 months after the occurrence of compression. \[[@ref21]\] However, MD and FA values in normal subjects are still not fully understood. In our previous study, we found significant differences in MD and FA at each spinal level in normal subjects; we also reported that a significant negative correlation was observed between aging and MD. \[[@ref3]\] In a further analysis of patients with cervical myelopathy, we reported that cervical myelopathy can be well predicted with high accuracy using a DTI parameter, with an MD z-score analysis at the most compressed spinal level. \[[@ref4]\] In the present study, there was a significant correlation between MD-z and preoperative ADL, whereas there was no significant correlation between FA-z and preoperative ADL. MD-z may decrease in accordance with the severity of cervical myelopathy. It can be presumed that MD values may become higher in the early stage of cervical myelopathy, so that patients develop slight or mild symptoms, but the MD value may decrease in accordance with progression of cervical myelopathy. Although reversibility of spinal cord dysfunction has not been determined, DTI technique may be helpful in its determination.

Diffusion tensor image may be a promising modality to predict functional recovery after surgery {#sec2-10}
-----------------------------------------------------------------------------------------------

Although a close relationship between clinical symptoms and DTI parameters in patients with cervical myelopathy has been strongly suggested, whether it can be used to predict functional recovery after surgery has not been determined. Nakamura *et al*. analyzed the fiber tract ratio in patients with cervical myelopathy using DTI technique, and they found that the preoperative fiber tract ratio based on FA values correlated significantly with the RRs. \[[@ref22]\] Jones *et al*. reported that preoperative FA at the level of stenosis correlated with improvement in the neck disability index (NDI) after surgery. \[[@ref23]\] Wen *et al*. also reported that FA at the C2 level correlated with improvement of the modified Japanese Orthopedic Association score. \[[@ref24]\] In the present study, there was a significant correlation between MD-z and the postoperative functional RR, whereas there was no significant correlation between FA-z and the postoperative functional RR. Higher MD-z may predict possible functional recovery after surgery in cervical myelopathy. Although ROC analysis of MD-z and FA-z suggested that both MD-z and FA-z have clinical validity for predicting the efficacy of surgical intervention, MD-z was considered to be the most appropriate value for predicting the efficacy of surgery. MD changes may reflect spinal cord condition and its reversibility.

LIMITATIONS OF THE PRESENT STUDY {#sec1-5}
================================

There are several limitations in the present study. First, the number of patients was small, and further prospective analysis needs to be done with a larger number of patients to confirm its reproducibility. Second, analysis of DTI parameters was based on the careful setting of ROIs that were placed manually. Resolution and accuracy of the image analysis should be further explored. Third, the clinical relationship between MD and FA is still unclear. Comprehensive evaluation using DTI parameters would be more desirable. Finally, the z-score analysis was based on the values in normal subjects. A larger database of DTI parameters in normal subjects is very important to perform a more accurate analysis.

CONCLUSIONS {#sec1-6}
===========

Diffusion tensor parameters like MD or FA appeared to be promising for evaluating the spinal condition. MD-z may decrease in accordance with the severity of cervical myelopathy. ROC analysis of MD-z and FA-z suggested that both MD-z and FA-z have clinical validity for predicting the efficacy of surgical intervention, but MD-z was considered to be the most appropriate value to predict the efficacy of surgery. MD changes may reflect spinal cord condition and its reversibility.
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